Immune challenges can lead to marked behavioral changes, including fatigue, reduced social interest, anorexia, and somnolence, but the precise neuronal mechanisms that underlie sickness behavior remain elusive. Part of the neurocircuitry influencing behavior associated with illness likely includes viscerosensory nuclei located in the caudal brainstem, based on findings that inactivation of the dorsal vagal complex (DVC) can prevent social withdrawal. These brainstem nuclei contribute multiple neuronal projections that target different components of autonomic and stress-related neurocircuitry. In particular, catecholaminergic neurons in the ventrolateral medulla (VLM) and DVC target the hypothalamus and drive neuroendocrine responses to immune challenge, but their particular role in sickness behavior is not known. To test whether this catecholamine pathway also mediates sickness behavior, we compared effects of DVC inactivation with targeted lesion of the catecholamine pathway on exploratory behavior, which provides an index of motivation and fatigue, and associated patterns of brain activation assessed by immunohistochemical detection of c-Fos protein. LPS treatment dramatically reduced exploratory behavior, and produced a pattern of increased c-Fos expression in brain regions associated with stress and autonomic adjustments paraventricular hypothalamus (PVN), bed nucleus of the stria terminalis (BST), central amygdala (CEA), whereas activation was reduced in regions involved in exploratory behavior (hippocampus, dorsal striatum, ventral tuberomammillary nucleus, and ventral tegmental area). Both DVC inactivation and catecholamine lesion prevented reductions in exploratory behavior and completely blocked the inhibitory LPS effects on c-Fos expression in the behavior-associated regions. In contrast, LPSinduced activation in the CEA and BST was inhibited by DVC inactivation but not by catecholamine lesion. The findings support the idea that parallel pathways from immune-sensory caudal brainstem sources target distinct populations of forebrain neurons that likely mediate different aspects of sickness. The caudal medullary catecholaminergic projections to the hypothalamus may significantly contribute to brain mechanisms that induce behavioral ''fatigue'' in the context of physiological stressors.
Introduction
Physiological and psychological challenges, including inflammation and stress, can induce a constellation of symptoms referred to as ''sickness behavior''. This behavioral pattern involves reductions in motivated behavior including food and water intake, social and sexual behavior, exploratory behavior, and motor activity, and an increase in stress hormones. Sickness behavior supports host defense and recuperation by conserving energy, and is considered to be a motivated and adaptive response to physiological challenges (Dantzer and Kelley, 2007; Miller, 2009) . However, in the context of chronic disease, sickness symptoms can lead to prolonged fatigue or symptoms of behavioral depression.
Although the precise neural substrates responsible for the behavioral manifestations of sickness are still emerging, studies using the activation marker c-Fos have indicated that activity in brain regions that support ''positive motivation'', including the nucleus accumbens, and several cortical areas including secondary motor, cingulate and piriform, is reduced in animals treated with the immune stimulant lipopolysaccharide (LPS; Stone et al., 2006) . Conversely, this inhibition of neuronal activity marker expression occurs concomitant with activation in stress-sensitive, viscerosensory and autonomic control regions including the caudal brainstem, hypothalamus, and extended amygdala (Wan et al., 1994; Stone et al., 2006; Gaykema et al., 2007 Gaykema et al., , 2008 Elmquist and Saper, 1996; Elmquist et al., 1996; Frenois et al., 2007) . This pattern of inhibition of ''positive motivation''-related brain regions 0889-1591/$ -see front matter Ó 2010 Elsevier Inc. All rights reserved. doi:10.1016/j.bbi.2010.11.005
